Knowledge of the structures of proteins to near-atomic resolution is of prime importance for successful structure-guided (rational) drug design and for various other biotechnological applications. The most powerful and common method of protein structure determination is X-ray crystallography; however, obtaining the necessary protein crystals is a major stumbling block in that process. Nucleation of a new crystal is the crucial first stage in crystallization, therefore inducing and controlling nucleation has been a key topic of research in the field for many years. A promising method is to introduce a heterologous solid surface or particle that possesses nucleation-inducing properties into the supersaturated protein solution. Early nucleation inducing materials were based on epitaxy, non-specific electrostatic attraction of the protein molecules by oppositely charged surfaces or attempts to increase the contact area between the crystallization solution and the surface, but these approaches had limited success[@b1][@b2][@b3][@b4][@b5].

In 2001, Chayen *et al*. introduced a new approach to protein crystallization, using porous materials with a distribution of pore sizes of the same order of magnitude as protein molecules[@b6]. The hypothesis was that the pores would entrap protein molecules, thereby encouraging them to aggregate in crystalline order. Porous silicon with average pore sizes of around 5--10 nm (estimated standard deviation 3 nm), the first in a series of porous nucleation agents, was tested on a variety of proteins of Stokes' radii ranging from 2 to 5 nm: catalase, concanavalin A, lysozyme, a phycobiliprotein, thaumatin and trypsin. The crystallization trials included a selection of different common precipitating agents and a wide range of pH (4.6--8.4). Porous silicon was successful in inducing nucleation at conditions where the solution otherwise remained clear (metastable), leading to the growth of large single crystals of diffracting quality in five of the six proteins tested[@b6]. Following these positive results, a commercial porous glass (No. 7930, Corning Inc., USA)[@b7] was tested and found to induce nucleation of lysozyme, thaumatin and apoferritin. Both porous materials were thus successful in inducing nucleation of several model proteins but they were not shown to affect any of the tested target proteins. Moreover, the porous silicon was only stable for several weeks after which it became oxidized, thereby leading to blockage of the pores and loss of its ability to induce nucleation.

In the search for a more stable and widely effective porous nucleating agent, a Bioglass with pore sizes of 2--10 nm was designed and tested with model and target proteins. In the presence of the Bioglass, crystals of all seven proteins initially tested were obtained at metastable conditions, whereas no crystals were formed in control trials containing the same conditions without Bioglass. Again, the nucleant was effective at a range of pH values, lower (lysozyme, thaumatin), higher (c-phycocyanin, α-crustacyanin), or approximately equal (trypsin, myosin-binding protein-C) to the protein isoelectric points[@b8]. Further target proteins such as a beta lactamase[@b9], a multidrug resistance protein (a membrane protein), alpha-actinin actin binding protein, as well as octakis(6-guanidino-6-deoxy)-γ-cyclodextrin[@b10], were successfully crystallized on the Bioglass. Over the years, further porous materials with a distribution of pore sizes, such as carbon nanotubes[@b11] and porous gold[@b12], were found to induce nucleation of a variety of model and target proteins including lysozyme, thaumatin, trypsin, haemoglobin, myosin binding protein C and NSP9. Other porous materials such as (alumino) silicates of uniform pore sizes up to 5 nm (VPI-5 and MCM-41) were also investigated but were not found to influence crystallization[@b6].

Thus, several porous materials, in particular Bioglass (Naomi's Nucleant'), proved to be very successful in producing high quality crystals of both model and target proteins ([Fig. 1](#f1){ref-type="fig"}). The discovery of the effectiveness of porous materials as nucleants for protein crystallization has set a trend for using such materials to induce nucleation (e.g. refs [@b7], [@b11], [@b12], [@b13], [@b14], [@b15], [@b16], [@b17]).

Monte Carlo computer simulations have been used to study the effect of pore shape, size and interaction strength of the molecules with pore walls. Page and Sear[@b18] have shown that nucleation is orders of magnitude faster at the pores than on a smooth surface. They found that both the size and shape of the pore strongly affect the nucleation rate. Supporting the conclusion that a pore can be more effective than a planar wall with the same affinity for a molecule, van Meel *et al*.[@b19][@b20] also argued that a two-step vapour--crystal nucleation mechanism should act in pores.

Protein crystal nucleation in pores resembles capillary condensation to a great extent, but differs in its molecular-kinetic mechanism. Both obey general thermodynamics, according to which the decreased energy barrier for condensation (respectively crystal nucleation) is responsible for these phenomena. Their similarity is due to the fact that both occur in the metastable zone, i.e. at lower supersaturation values than homogeneous nucleation. Moreover, they are both highly dependent on pore radius and geometry. The difference is that capillary condensation is due to an increased number of van der Waals interactions between molecules inside the confined space of a capillary, leading to multilayer adsorption, while protein crystal nucleation in pores results from protein molecule diffusivity (which is the only mechanism of matter transport in pores) and their adsorption; van der Waals interactions between protein molecules in solutions are restricted to very small distances, usually smaller than a protein molecular diameter.

Results
=======

While absent in bulk solution, a critical supersaturation sufficient for crystal nucleation onset may arise in pores[@b21], provided the system is not too close to equilibrium. Because protein molecules in pores behave differently from those in the bulk solution, a gradual accumulation of protein in sufficiently narrow pores can result from the combination of two effects. Firstly, because diffusion is the sole mass-transfer mechanism working in pores (solution flow and convection being ineffective), the protein molecules become (almost) trapped inside the confined pore space. Secondly, due to translational Brownian motion, which is equally probable in all directions, the large protein molecules land on pore walls with a probability several times greater than their probability of escape. Provided there is some attraction between the protein molecule and the pore wall, the molecules remain adsorbed, at least temporarily. Diffusion-driven equilibration of the protein concentration between pore interior and bulk solution is thus hindered. The adsorption capacity of protein molecules at solid surfaces is high[@b22] even when affinity is very moderate, because larger molecules are able to contact the surface at more sites. But even after being desorbed, the protein molecules remain trapped inside the pores, while after desorption from a flat surface the molecules are free to return to bulk solution. In other words, although the protein molecules are desorbed from the pore walls just as frequently as from an equivalent flat surface, their probability of being re-adsorbed is much higher than in bulk solution due to the confined space. Reiterating this diffusion-adsorption scenario numerous times, protein molecules gradually accumulate in the pores.

The dynamic adsorption-desorption process and diffusion displacement
--------------------------------------------------------------------

Desorption, which is an escape of the molecules from the shallow adsorption potential well, is usually described, e.g. ref. [@b23], as an activated first-order rate process. Therefore, the desorption rate, R~d~ is written as:

which, after integration, gives:

where *c*~a~ is the surface concentration of the adsorbed molecules and *t* is time, *c*~a~^0^ being the initial concentration of the adsorbed molecules.

The rate constant for desorption is *k*~d~ = *θ*exp (−E~d~/k~B~T)[@b23], where E~d~ is the desorption activation energy, *θ* an "attempt frequency" for desorption, k~B~ is Boltzmann's constant and T the temperature.

We may define a half-life τ~1/2~ for adsorption of protein molecules at the pore wall, as the time when *c*~a~ = *c*~a~^0^/2. Thus:

It has been found[@b24] that the energy barrier, E~d~ for desorption of an isolated protein molecule is extremely low. The apparent activation energy is in the range of 2--4 kJ/mol, or less than 2k~B~T per molecule. Therefore, it has been observed that "regardless of the protein identity or surface chemistry, the vast majority of individual protein objects exhibited short residence times (\<1 s)"[@b24].

Our estimate of the size of a pore able to induce protein crystal nucleation due to adsorption being more frequent than desorption, is based on the mean squared diffusion displacement, \<x^2^\>:

where D is the diffusion coefficient; a typical value for proteins is D~prot~ = 10^−6^ cm^2^ s^−1^.

This means that during adsorption time t = 0.5 s, a protein molecule can diffuse from wall to wall of a 10 μm sized pore (and adsorb there), the tacit assumption being that the molecule would follow the shortest path. However, because Brownian motion is equally probable in all directions, the escape probability of a protein molecule from the pore is about 1/6. Therefore, pores narrower than about 1μm can already accumulate protein. Note that such pores are still much larger than the typical nucleus size.

The total time during which the protein molecules are in the adsorbed state in such pores becomes thus greater than the total time during which they are in the desorbed state. Therefore, despite the increasingly higher amount of protein in the pores, no concentration gradient favoring back diffusion (from the pores towards bulk solution) can arise, at least temporarily. Thus, sufficiently narrow pores become something like "black holes" for macromolecules. Protein accumulation in pores can also be considered as a prerequisite for the formation of a denser, often metastable fluid phase, which initiates a two-step crystal nucleation in pores[@b25].

In the following, we will look more closely at the two effects: (1) the increase in protein concentration resulting from Brownian motion inside the confined space of a pore, which we will simply call *space confinement effect*, and (2) the free energy-driven interaction of the protein molecules with the pore walls, which we will call *wall contact effect*.

Supersaturation increase resulting from Brownian motion in a confined pore space
--------------------------------------------------------------------------------

We first need to identify the factors which determine a pore's capacity to increase the supersaturation. Evidently, the narrower the pore, the smaller the protein molecule escape probability, and thus the higher the concentration increase in the pore. On the other hand, the pore opening is reached and the protein molecules enter the pore with the same probability with which they reach an equally large flat surface area, which means that smaller openings are less accessible. Thus, a Poisson distribution should provide a good fit to the supersaturation increase in the pore as compared with that in the bulk solution.

Obviously, besides pore-opening size (expressed by the number, *m* of crystal building blocks forming the edge of a nucleus filling the entire pore cross section, [Fig. 2](#f2){ref-type="fig"}), pore volume, *v,* and shape are also of importance. In intricate pores with many turns and corners, some protein molecules can be trapped quasi-permanently, or at least for a time that is sufficient for crystal nucleation onset. We thus introduce a geometric coefficient *g*, to account for the pore shape. To obtain the quantitative dependence of the chemical potential difference (supersaturation) Δ*μ* on *g* and *m*^2^, we multiply them by a factor *F*. Then, assuming a reverse proportionality of the difference between the supersaturation in a pore, Δ*μ*^*pore*^, and that in bulk solution, Δ*μ*^*bulk*^, on the pore size and volume, we have:

Comparison of the in-pore with the homogeneous nuclear size
-----------------------------------------------------------

Let us denote by *n* the number of building blocks at the edge of a nucleus forming homogeneously at the same supersaturation in bulk solution. The ratio *m*/*n* can be calculated by applying the mean work of separation (MWS) method of Stranski--Kaischew[@b26][@b27][@b28] for a Kossel crystal. This method operates by merely considering the relative bond energies between the individual building blocks in the crystal. The mean works of separation are calculated by counting the different kinds of bonds separately, and multiplying each number by the corresponding bond energy value; the products are then summed up and the result is divided by the total number of blocks in the corresponding crystal element (e.g. crystal face, ledge of growing crystal layer, etc). In the following, we will denote the mean works of separation by *φ*.

Only pores that are completely filled with solution are considered here. Only the front crystal face, filling the entire pore opening, participates in the molecular exchange with the parent phase. Its MWS is *φ*^*pore*^:

where *ψ* is the work (energy), which is performed for the separation of two building blocks of the crystal lattice, and *ψ'* the work of separation of one crystal building block from a cavity wall, *ψ'* ≈ E~d~.

On the other hand, the MWS, *φ*^*bulk*^, for the cubic face of the homogeneous nucleus formed in the parent phase under the same supersaturation, is[@b26][@b27][@b28]:

Equilibrium requires the equality *φ*^*pore*^ = *φ*^*bulk*^, which can be expressed as:

Denoting the adhesion energy (of crystal building block to wall) by *β*, the surface free energy (interphase crystal surface/solution energy) by *γ*, and the surface of the small cube which represents a building block in the Kossel crystal lattice[@b29], *s*, we note that:Two crystal surfaces appear when two Kossel crystal lattice blocks are separated from each other, hence *ψ* ≈ 2*γs*.Only one crystalline surface appears when a Kossel crystal lattice block is separated from the cavity wall, hence *ψ'* ≈ *βs*. Replacing these values of *ψ* and *ψ'* in [equation 8](#eq8){ref-type="disp-formula"} we obtain:

It is seen that the factor (1 − *β*/*γ*) is of prime importance. There are two extremes:

\(a\) *β* → 0, i.e. no adhesion, which means that *m* ≈ *n* and the pore does not play any role in the nucleation process.

\(b\) *β* ≈ *γ, m* ≈ 0, which means that nucleation in the cavity is spontaneous (there is no nucleation energy barrier at all). Thus, the closer *β* gets to *γ*, the more probable is crystal nucleation in pores. This result might explain why the tested Bioglass, which is a bioactive material attracting protein molecules, has proved very successful in inducing nucleation.

Nucleation energy barriers from space confinement and interaction with pore walls
---------------------------------------------------------------------------------

It is well known that the height of the nucleation energy barrier determines whether a crystal nucleus can form or not within a realistic time scale. Using the results from our MWS calculations, we separately show the impacts of the space confinement effect and the wall contact effect on protein crystal nucleation in pores.

The nucleation energy barrier is given by Classical Nucleation Theory (CNT)[@b29] as a function of the volume of a crystal building block, *Ω* (usually the molecular volume in the crystal), the difference in chemical potentials (supersaturation) Δ*μ*, and surface free energy *γ*.

First taking into account the space confinement effect only (using [equation 5](#eq5){ref-type="disp-formula"}), we can write the CNT-derived energy barrier for the Kossel crystal nucleus formation[@b29] inside a pore:

To express Δ*μ* in molecular-kinetic (Stranski-Kaischew) terms, we recall that the MWS is equal to the chemical potential taken with a negative sign, plus a substance and temperature dependent constant[@b30]. To adapt the MWS method, originally devised for a vapor phase-crystal system, to the more complex protein crystallization case it is necessary to add another constant.

where *φ*~1/2~ is the work of separation of a molecule from the kink site and c~1~ is the protein and temperature-dependent constant.

Replacing into [equation 10](#eq10){ref-type="disp-formula"}, the space confinement effect alone thus results in an energy barrier:

Now, denoting the energy barrier for homogeneous nucleation in the bulk solution (i.e. in the absence of pores) by Δ*G*\*(*homo*), we obtain the ratio:

We note that Δ*G*\*(*pore*)/Δ*G*\*(*homo*) \< 1, unless the pore volume is very high and/or the opening is very large. In such cases, Δ*G*\*(*pore*)/Δ*G*\*(*homo*) tends asymptotically to 1.

We must now consider the wall contact effect. Nucleation in pores is a type of heterogeneous nucleation (which is energetically preferred over homogeneous, because the nucleation energy barrier for the former is only a fraction of that for the latter). Therefore, recalling [equation (6)](#eq6){ref-type="disp-formula"}, the Δ*μ* value due to the wall contact effect is:

c~2~ being another constant.

It must be emphasized that the space confinement effect and the wall contact effect work synergistically. To combine both, we replace Δ*μ*^*bulk*^ with Δ*μ*^*het*^ in the energy barrier expression:

The ratio of the energy barrier arising from the combination of the two effects, to the homogeneous nucleation energy barrier is:

As expected, it is observed that:

When *β* → 0, i.e. *ψ*' → 0, the only reduction of the energy barrier is due to the space confinement effect; the wall contact effect is absent.

When *β* ≈ *γ, m* ≈ 0, the size of the critical crystal nucleus is vanishingly small, therefore the energy barrier to nucleation disappears.

We now consider the case in which the size of the pore opening is large enough to allow a critical nucleus smaller than the pore opening to form inside the pore. Crystal **c.** in [Fig. 3](#f3){ref-type="fig"} (which is easier to form than the other two crystals shown in the figure and, evidently, than the homogeneously nucleated one), is representative of this situation. This crystal possesses three equivalent faces, the MWS of which was calculated by Kaischew[@b31]. Denoting the number of molecules at one edge of the critical nucleus **c.** by *u*, and the pore opening size as previously, by *m*, we have:

Equilibrium requires equality of all mean works of separation. Comparison of [equations (6)](#eq6){ref-type="disp-formula"} and ([17](#eq17){ref-type="disp-formula"}) shows that *m*/*u* \< 1. Thus, the critical nucleus **c.** in [Fig. 3](#f3){ref-type="fig"} would be larger and therefore a smaller pore that is completely filled with the nucleus is more effective.

Introducing a third constant, c~3~:

Nucleation in partially filled cavities
---------------------------------------

When a porous material is immersed in a solution, it is possible that the latter does not penetrate the entire cavity, due to air remaining trapped at its bottom. In such cases, an air/solution interface is created, which should be enriched in protein molecules (see refs [@b32] and [@b33] for lysozyme). Because most proteins are surface active, an additional increase in local supersaturation, which favours nucleus formation, should be expected. However, as observed with insulin crystal nucleation[@b34], the effect of the meniscus is negligible; minimum crystals were nucleated at the solution/glass/air three-phase angle. Most importantly, 2-dimensional nuclei are probably initially formed because, as they consist of a smaller number of molecules, they are energetically preferred. Subsequently, the 2D-nuclei further grow as 3D-crystals. The growth of 2D protein (ferritin) crystals at an air/solution interface is a well-known phenomenon[@b35].

Discussion
==========

Our theoretical treatment explains the capacity of porous materials to induce protein crystal nucleation. We have demonstrated that two synergistic effects are at work, which may make porous materials very effective heterologous nucleants for macromolecular crystals. One is of geometric origin and is due to the trapping of protein molecules inside the confined space of a small pore, leading to a local increase in protein concentration. The other is due to free energy-driven adsorption of protein molecules at pore walls. From translational Brownian motion considerations, it is seen that the total time during which protein molecules are adsorbed on pore walls is greater than the time during which they are in the desorbed state, provided they have some affinity to the wall. These results provide a detailed explanation of the effectiveness of nucleants such as mesoporous Bioglass, as well as clues for the further optimisation of such nucleants. Our findings are applicable to all types of porous materials, provided the pore walls have some affinity for the protein molecules.

Based on [equation 4](#eq4){ref-type="disp-formula"}, we have estimated an upper size limit for pores that may induce heterogeneous nucleation. We have shown that, for protein diffusion coefficients and energy barriers of desorption of single molecules as reported in the literature, pores of sizes less than about 1 μm can accumulate protein and thus induce a local concentration increase within the pore. But, although higher than the bulk solution concentration, that local concentration spike is not necessarily sufficient for nucleation induction. Comparison of [equations 6](#eq6){ref-type="disp-formula"} and [17](#eq17){ref-type="disp-formula"} shows that the pores that are most effective in inducing nucleation are those of size nearest the critical nucleus size, which is generally a lot smaller than 1 µm. However, that nuclear size itself depends on the supersaturation, the energy of adhesion on pore walls, crystal surface free energy, and the size of the protein molecules, (see [equation 9](#eq9){ref-type="disp-formula"}). Dependency on so many and fairly widely varying parameters indicates that the optimal porous material would possess a broad distribution of pore sizes, as it is indeed the case for Bioglass and for other successful porous materials. As pointed out in the Introduction, porous materials with more uniform pore diameters have also been tested and tend to be less successful nucleants. The pore sizes in the tested Bioglass have a Gaussian distribution with a maximum at 2--10 nanometres, but there are much larger (and smaller) pores too in the material. Sizes of protein crystal critical nuclei are usually at the higher end of that distribution, variously estimated to between 5 and 50 nm. For instance, insulin crystal nuclei consist of one to two hexamers, each 5 nanometres in size[@b34]. Although it was impossible to determine which pores the protein molecules actually 'choose' to nucleate at, these observations appear to corroborate our theoretical treatment.

In our theoretical treatment we have not considered the issue of protein denaturation upon adsorption on the pore surface. Protein denaturation is thought to be reversible for short residence times. For longer residence times, a slow denaturation process is thought to occur[@b36], the extent of which is protein and surface-dependent[@b37][@b38]. In our model, we have assumed short residence times of the adsorbed proteins on the pore walls and small affinities, therefore a denaturation effect which may often be negligible. That denaturation upon adsorption is often either negligible or not disastrous for heterogeneous nucleation on foreign substrates is also shown by the large number of reported successes of heterologous nucleants, porous or not (uncontrolled heterogeneous nucleation on microscopic impurities or on the walls of crystallisation vessels is often considered as the main nucleation mechanism for protein crystals under ordinary crystallisation conditions)[@b29]. A possible situation is that the crystal layer that is immediately in contact with the foreign wall slowly denatures, by which time a stable crystal of properly folded molecules has had time to form upon it, whereas before criticality is achieved the short-lived adsorption events do not result in denaturation. It has also been proposed that denatured proteins may serve as nucleation centres[@b39]. It cannot however be excluded that in some cases, heterogeneous nucleation might indeed be prevented by this effect and this could be one of the reasons why heterogeneous nucleation attempts sometimes fail.
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![Crystals of a beta lactamase growing on Bioglass.\
The Bioglass appears as a spongy granule.](srep35821-f1){#f1}

![Simplest idealised pore-shape: a rectangular prism or cuboid.\
Pores in actual disordered porous materials such as Bioglass are much more complex, yet they tend to have analogous well-type morphologies. The pore is completely filled with solution. Flat pore walls prevent the nucleating crystal from trying to conform to any curved pore surface and becoming strained[@b40]. Crystal building blocks on the surface (i.e. in contact with the bulk solution) are highlighted in light blue.](srep35821-f2){#f2}

![Heterogeneously formed crystals inside an idealised pore.\
(**a**) on the pore wall surface; (**b**) at concave edge joining two pore walls; (**c**) at concave corner of the pore. A single crystal building block at the apex of each nascent crystal is highlighted in red and the building blocks that are in contact with pore walls are highlighted in yellow.](srep35821-f3){#f3}
